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ABSTRACT: We report the photoinduced excited state dynamics of a series of novel Pt(II)-bisacetylide containing conjugated small 
molecules that possess geometric shapes resembling “roller wheels,” but differ in lengths of the linear conjugated chromophores, i.e. 
the “rollers”. We measure excited state evolution and triplet formation by ultrafast pump probe transient absorption followed by 
quantifying the triplet decay lifetimes using nanosecond flash photolysis transient absorption techniques. Two of these complexes of 
relatively longer chromophore lengths and smaller bandgaps do not show phosphorescence emission. Thus, the triplet energy is ap-
proximated by quenching, utilizing fullerene derivatives with varying lowest unoccupied molecular orbital (LUMO) energies. Fur-
thermore, 3O2 quenching experiments are performed in order to quantify the minimum triplet excited state quantum yields for these 
complexes. Lastly, our fullerene and 3O2 transient absorption quenching data demonstrate that the estimations of excited state ener-
gies by cyclic voltammetry is not always accurate for these low band-gap organic materials, which require more extensive photophysical 
studies.   

INTRODUCTION 

The rapid development of organic electronics, including organ-
ic light emitting devices (OLEDs)1 and organic photovoltaics 
(OPVs),2-4 in the past several decades has been propelled by the 
development of new material structural designs, and progress in 
understanding structure-property-function relationships. Such 
relationships include the impact of molecular architecture on 
exciton multiplicity, energetics, dynamics and performance. In 
particular, both short-lived singlet and long-lived triplet excitons 
can be generated in organic materials upon light absorption or 
charge injection. The use of triplet states in OPVs are much less 
explored relative to singlet excited states, in part because triplets 
have been shown to either improve or decrease device perfor-
mance, depending upon experimental conditions. Triplet 
“scrubs” have been shown to enhance OPV performance of 
P3HT:PCBM blends by trapping triplet exciton, before they can 
influence surrounding P3HT:PCBM charge separated states to 
produce more triplets rather than free charges.5 Meanwhile, 
other materials exhibiting triplets benefit from longer triplet 
diffusion lengths (relative to singlet exciton) as well as forbid-
den geminate recombination (if intersystem crossing (ISC) takes 
place in the charge separated state before creation of free charg-
es), thus, in principle leading to more efficient charge separa-
tion and diffusion.5-9 However, in the event a singlet fission 
mechanism is operative (within the single junction device), the 
theoretical efficiency of an organic singlet fission material ener-
gy transfer into the bulk semiconductor is calculated to be 
around 50%, surpassing the well-known Shockley-Queisser limit 
at ca. 33%.10 This possibility has driven much of the develop-
ment of triplet exciton materials. Thus, understanding the pro-
duction and fate of triplet excitons in materials with designed 
chemical structures is critical to advancement of OPVs. 

Much of the attention in the design of triplet generating OPV 
materials has been focused on triplet sensitization of conjugated 
polymers utilizing doped or pendant chromophores (organic 
nπ* or transition metals).11-12 Other strategies of directly gen-
erating triplet excitons within pure OPV organic structure in-
volves combinations of electron-rich and electron-poor units in 
alternating fashion, with a covalently attached heavy metal atom 

(ion) for enhanced intersystem crossing (ISC).5, 13-19 The best 
researched strategies are generated from push-pull organometal-
lic platinum-bisacetylide-containing polymers and small mole-
cules in OPVs and OLEDs, where two sterically bulky platinum-
bisacetylide moieties are placed at both ends of a linear multi-
aromatic organic chromophore, forming structures resembling 
that of “dumbbells”.12, 20-21 Extensive studies on this type of ma-
terials have revealed how structural changes can alter the band-
gap, morphology, triplet exciton dynamics and device perfor-
mance. The results of such studies have produced OLEDs with 
tunable emission over the visible range as well as OPVs with 
efficiencies of ca. 1-2%. It has also been demonstrated by tran-
sient absorption and quenching studies that triplet excitons can 
possess long diffusion lengths as well as be split into free charg-
es at the donor-acceptor interfaces.7, 21-22 

Further experimentation of these dumbbell structures and pol-
ymers did in fact reveal a series of unintended consequences. 
Even with near unity ISC from the singlet to a long lived triplet 
excited state (>1 μs), incorporation of the platinum-bisacetylide 
units along the backbone of the polymer introduces steric 
stress, thus lowering the crystallinity of the material.21-22 The 
amorphous nature of these polymers, presumably due to the 
large volume of the platinum complexes, decreases π–π stacking 
between the polymer backbones, thus inhibiting necessary inter-
chromophore diffusion of charges and excitons. More recent 
work has demonstrated that relocating single strand “push-pull” 
organometallic platinum-bisacetylide units to the side chains of 
an insulating polymer yields wide gap polymers(~2.9 ev) with 
near unity energy transfer efficiency up to 300 repeat units.23  

Previously, we reported a series of “roller wheel” type platinum-
bisacetylide donor-acceptor architectures (RWPt), which exhibit 
much improved OPV device performance of up to ca. 6% pow-
er conversion efficiency (PCE) and long lived triplet excited 
states of lifetimes up to 14 μs.24-25 In contrast to the “dumbbell” 
type architecture, the new “roller wheel” like structure positions 
the platinum in the center of the linear organic chromophore 
as side chains. This synthetic modification has led to an in-
creased power conversion efficiency, which is ascribed to a slip 
stack semi-crystalline morphology enabling better charge mobil-

Page 1 of 10

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

2 

ity from π–π stacking.25 Interestingly, our initial studies demon-
strated by nanosecond flash photolysis and computational anal-
ysis that the long lived triplet excited state is too low in energy 
to be quenched by phenyl-C61-butyric acid methyl ester (PCBM), 
thus unequivocally showing that OPV performance originates 
from PCBM quenching of the RWPt singlet excited state. 
Henceforth, photophysical studies on the RWPt platform along 
with quencher screening to experimentally approximate the 
triplet energy is imperative to advance our understanding of 
RWPt (donor) fullerene (acceptor) interactions. Once capture 
of the triplet excitons can be demonstrated, it will be possible to 
measure important properties such as the triplet diffusion 
length, mechanism of energy transport and efficiency of triplet 
exciton splitting at the interface, all of which are important 
factors for advancing the field of triplet OPV devices.  

Herein, we present our first series of findings examining the 
structure function relationship leading to triplet generation in 
the RWPt compounds as well as approximating the triplet en-
ergy by screening a series of fullerene derivative quenchers in-
cluding 3O2. As mentioned above, we have previously published 
that PCBM does not capture triplets in RWPt-1 and RWPt-2; 
therefore, unfunctionalized C60 and a cationic fullerene with 
descending LUMO energies are investigated as quenchers. The 
impact of the arm length on the triplet generation is correlated 
by pump probe transient absorption studies, which give us use-
ful insights on future improvement of such materials in optoe-
lectronic devices.  

EXPERIMENTAL SECTION  

All reagents and solvents were used as received from Sigma-
Aldrich or WVR unless otherwise noted. Phenyl-C61-butyric 
acid methyl ester (PCBM) and C60 were purchased from Amer-
ican Dye Source and used as received. C60 SDS was synthesized 
by an augment procedure by Cataldo et al..26 The C60 SDS 
synthetic details are found in the supplemental information 
(SI). RWPt-1, 2 and 3 were prepared by previous literature pro-
cedures.24-25 

All Ultraviolet Visible spectra were collected on an Agilent 
8453 Spectrometer. Singlet oxygen emission spectra were col-
lected on an Edinburgh Instruments FLS980 spectrometer 
whose details may be found from the manufacturer. A brief 
description may be found in the SI. The NMR spectra were 
collected on a Bruker Avance III Solution 300 spectrometer. All 
solution 1H spectra were referenced internally to tetrame-
thylsilane and 13C spectra were referenced internally to chloro-
form. The femtosecond transient absorption experiments were 
collected on a Newport TAS. A description of the Newport 
TAS may be found in the SI. The nanosecond flash photolysis 
was collected on an Edinburgh Instruments LP980. A descrip-
tion of the Edinburgh LP980 is found in the SI.  

RESULTS AND DISCUSSION 

Structure and Electrochemistry. Shown in Scheme 1 are the 
molecular structures of platinum-containing “roller wheels”, 
namely RWPt-1, RWPt-2, and RWPt-3. Also shown in Scheme 
1 are the fullerene acceptors PCBM, C60 and C60 SDS used 
for quenching of the platinum-bisacetylide donor excited state.  

Scheme 1. Chemical structures of RWPt complexes as well as 
fullerene derivatives utilized in this study.  

 

 

Each RWPt molecular structure features a Pt-bisacetylide 
benzenedithiophene as the electron rich core and an electron 
poor benzothiadiazole as the acceptor. The crystallinity or in-
termolecular packing of the RWPt molecular platform changes 
with the size of the acceptor as noted in the slip stack packing 
of RWPt-1 from the single crystal XRD unit cell. While a single 
crystal XRD structure was unable to be obtained for RWPt-2, 
this slip stack packing is inferred from similarities with RWPt-1 
and its well-resolved powder XRD pattern.24-25 As RWPt-3 has 
an acceptor length of 0, no slip stack packing is observed in the 
single crystal XRD structure.24 

As mentioned above, the series of quenchers utilized in this 
study are fullerenes with decreasing LUMO level from PCBM, 
C60, and a cationic C60 (SDS anion). Cyclic Voltammetry 
(CV) was performed on the platinum-bisacetylide RWPt com-
pounds to measure the oxidation and reduction potentials, 
which may provide a rough estimate of the singlet HOMO and 
LUMO energies. Further, as triplet state energy approximations 
are unable to be observed by CV, TDDFT estimates of each 
complex are used to find triplet state potentials relative to the 
ground state potentials measured by CV. Likewise, CV was 
performed on the fullerenes to approximate the LUMO ener-
gies in order to predict possible quenchers for the RWPt triplet 
states. All HOMO and LUMO levels are measured at the oxida-
tion and reduction onset potentials. The singlet HOMO and 
LUMO energies against vacuum are approximated by       
            and                   , where the scalar 
4.8 is relative to the external standard of Fc/Fc+ in dicloro-
methane. From the CV data, the approximate HOMO and 
LUMO are –4.9, and –3.2 for RWPt-1 and –5.0, and –3.2 eV 
for RWPt-2. The HOMO and LUMO energies for the RWPt-3 
model complex are –5.4 and –3.1 eV. TDDFT was previously 
utilized to estimate the triplet energies for RWPt-1, -2 and -3 to 
be –3.84, –3.88 and –3.5 eV.25 CV performed on the series of 
fullerene acceptors approximates the LUMO energies to be -
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3.77 (PCBM), -3.86 (C60) and -3.94 (C60SDS). The CV scans 
for the RWPt molecules and fullerenes are found in the sup-
plemental information (SI1 and 2).25  

Excited State Dynamics. The photoinduced excited state dy-
namics of the RWPt compounds is characterized by transient 
absorption (TA) from the femtosecond to the microsecond 
timescale. Depicted in Figure 1 are the stacked ground state 
electronic absorbance spectra (A) and TA spectra (B, C, D) over 
many orders of magnitude time delay for RWPt-3. For ease of 
interpretation, a bold black line at 0 OD is added to all TA 
figures and the data near the laser line have been removed. All 
single wavelength and global fitting kinetics are found in the 
supplemental (Section S4). All TA kinetic fitting for RWPt 
compounds are fit with the multi-exponential function (equa-
tion 1):  

       (   ⁄ )   ∑   
 

       ⁄       
        ⁄  

             ⁄  

Equation 1 

 
Figure 1 A) Absorbance Spectrum for RWPt-3. B) Ultrafast pump 
probe transients collected at 0.5 ps (black), 1 ps (red), 5 ps (blue), 10 ps 
(pink) and 25 ps (brown) time delays. C) Ultrafast pump probe transi-
ents collected at 25 ps (black), 50 ps (red), 1 ns (blue), 5 ns (pink), 7.4 
ns (brown). D) Nanosecond flash photolysis transients collected at 30 
ns (black), 6 μs (red), 10 μs (blue), 30 μs (pink), 50 μs (brown).  

The ground state electronic absorbance spectrum of RWPt-3 
(Figure 1A) shows four pronounced electronic transitions at 
352, 394, 439, and 465 nm. These transitions are assigned to 
individual BDT ππ* transitions, based on time dependent 
density functional theory (TDDFT).25 The ultrafast pump probe 
transient spectra of RWPt-3 (Figure 1 B and C) feature two 
negative peaks or “bleaches” from 350 to 402 nm and 424 to 
473 nm as well as two positive peaks or excited state absorp-
tions from 402 to 424 nm and 473 to 750 nm. The nanosec-
ond flash photolysis transient spectra (Figure 1D) feature the 
relaxation of the same bleach and excited state absorption peaks 

as the ultrafast pump probe experiment. Four kinetic time con-
stants were extracted from the kinetic fitting of RWPt-3 transi-
ent dynamics (Table1).  

The assignments and discussion of RWPt-3 excited state evolu-
tion are as follows. The global fitting analysis reveals time con-
stants of 32 ps and 3660 ps for the femtosecond pump probe 
measurement and of 21560 ns and 63500 ns for the nanosec-
ond flash photolysis. We have previously assigned τ3 (21560 ns) 
and τ 4 (63500) to the electron hole recombination and a pho-
todecomposition reaction, respectively.24 The assignment of τ 2 
(~3660 ps) is more difficult, as no major spectral changes are 
observed with the time constant. Thus, we tentatively assign this 
kinetic component to internal conversion. We find it unlikely 
that slow solvent reorganization is responsible for this kinetic 
component, though we cannot rule this out at present. We also 
acknowledge that internal conversion within the triplet mani-
fold is generally fast, yet in this case we believe that coupling 
between different triplet states is weak. The first time constant 
(τ 1) of 32 ps is assigned to platinum assisted intersystem cross-
ing from the single to triplet manifold. This assignment is pre-
dominantly based on the observation of isosbestic points at 
525, 566 and 664 nm and that the state formed after this evolu-
tion has the same spectral features as the nanosecond flash 
photolysis spectra, which we have assigned as the excited triplet 
state. Furthermore, it is not uncommon to have fast intersystem 
crossing in organic molecules where the spin orbit coupling of 
heavy atoms is mixed with the ππ* transition.27  

Depicted in Figure 2 are the stacked ground state electronic 
absorbance spectra (A) and transient absorption data  (B, C, D, 
E) for RWPt-1 (Kinetic data found Supplemental S5). The 
global fitting results are found in Table 1. 

 
Figure 2 A) Absorbance Spectra for RWPt-1. B) TA spectra collected at 
0.5 ps (black), 1 ps (red), 5 ps (blue) and 50 ps (pink) time delays. C) 
TA spectra collected at 50 ps (black), 250 ps (red), 500 ps (blue), 750 ps 
(pink) and, 1 ns (brown). D) TA spectra collected at 1 ns (black), 2.5 ns 
(red), 5 ns (blue) and 7.2 ns (pink). E) TA spectra collected at 30 ns 
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(black), 1 μs (red), 3 μs (blue), 5 μs (pink), 7 μs (brown), 12.5 μs (yel-
low) and, 37.5 μs (green).  

The ground state electronic absorbance spectrum of RWPt-1 
(Figure 2A) features electronic transitions at 377 and 553 nm 
with a shoulder at ~450 nm. The broad absorption from 450 to 
650 nm is a Pt-bisacetylide benzenedithiophene to benzothiadi-
azole charge transfer transition, and is distinct from that ob-
served for RWPt-3. The peaks at 373 as well as the shoulder 
around 445 nm are thought to be from Pt-bisacetylide 
benzenedithiophene ππ* transitions as in RWPt-3.16 The 
ultrafast pump probe transient spectra of RWPt-1 are divided 
into three sections (Figure 2 B, C, and D) to highlight spectral 
changes corresponding to the time constants from the global 
fitting analysis. The early time transients (Figure 2B; 0.5 to 50 
ps time delays) feature initial ground state bleach from 350 to 
643 nm (mirroring the electronic absorption spectra) and a 
growing excited state absorption from 611 to 750 nm. The in-
termediate transients (Figure 2C; 50 ps to 1000 ps time delay) 
feature the same ground state bleach and a developed excited 
state absorption from 610 to 750 nm. Two isosbestic points are 
observed in these transients at 615 and 706 nm. The late time 
pump probe transients (Figure 2D; 1ns to 7.2 ns time delay) 
feature loss of intensity in the long wavelength absorption and 
short wavelength bleach. No isosbestic points are observed in 
these transient spectra. The nanosecond flash photolysis transi-
ent spectra (Figure 2E) feature clear relaxation of ground state 
bleach and induced excited state absorption observed in the 
ultrafast pump probe experiment. A single isosbestic point is 
observed at 597 nm.  

Four time constants are observed from the global kinetic fitting 
of the ultrafast pump probe and nanosecond flash photolysis 
transient kinetics for RWPt-1. Time constants of 0.3 ± 0.1, 5 ± 
1 and 1070 ± 210 ps describe the ultrafast response, and a time 
constant of 5030 ± 60 ns characterizes the nanosecond data. 
Again these values are consistent with single wavelength kinetic 
fitting. The 5030 ± 60 ns time constant is ascribed to the elec-
tron hole recombination as a single time constant is observed 
for both the loss of the triplet excited state as the recovery of 
the ground state with a clear isosbestic point.25 Working back-
wards in time from the nanosecond flash photolysis data, we 
ascribe the third time constant from the pump probe data (3) 

of 1070 ± 210 ps to intersystem crossing from the singlet to 
triplet manifold. This assignment is supported by the similarity 
of the spectra observed at 7.2 ns and 30 ns. We next ascribe the 
0.3 ± 0.01 ps time constant (1) to relaxation of a vibrationally 
hot excited state. This assignment is primarily based on the 
observation of an intense ground state bleach in the absence of 
an excited state absorption signature in the 0.5 ps and 1 ps 
spectra. The second time constant (2) of 5 ± 1 ps is thus as-
signed to the formation of the thermalized singlet excited state. 
This assignment is predicated on the observation of a new ex-
cited state feature at 645 nm, which is typically where singlet 
excited states are observed in these types of compounds.13  

Depicted in Figure 3 are the ground state electronic absorbance 
spectra (A) and TA (B, C, D, E) for RWPt-2. The spectral tran-
sitions and temporal response of RWPt-2 shares features with 
both RWPt-1 and RWPt-3. Similar to RWPt-3, the ground 
state electronic absorbance spectrum of RWPt-2 (Figure 3A) 

exhibits four pronounced electronic transitions at 363, 441, 
490 and 570 nm, which are broader and shifted to longer wave-
lengths reminiscent of RWPt-1. The broad absorption from 
500 to 650 nm is a Pt-bisacetylide benzenedithiophene to ben-
zothiadiazole charge transfer transition.  
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Table 1 Global fitting kinetics for RWPt compounds and RWPt compounds with fullerene quenchers.  

 RWPt-1 
RWPt-1 
+ 5eq 
PCBM 

RWPt-1 
+ 5eq 

C60 

RWPt-1 
+ 5eq 

C60 SDS 
RWPt-2 

RWPt-2 
+ 5eq 
PCBM 

RWPt-2 
+ 5eq 

C60 

RWPt-2 
+ 10eq 

C60 

RWPt-2 
+ 5eq 

C60SDS 

RWPt-2 
+ 10eq 
C60SDS 

RWPt-3 

τ1 (ps) 0.3 ± 
0.1 

   0.3 ± 
0.18 

      

τ2 (ps) 5 ± 1    9 ± 4      32 ± 11 

τ3 (ps) 1070 ± 
210 

   560 ± 
60 

     
3660 ± 

1280 

τ4 (ns) 5030 ± 
60 

4770 ± 
180 

5090 ± 
60 

5030 ± 
60 

6080 ± 
440 

6300 ± 
420 

5990 ± 
1420 

3140 ± 
20 

4250 ± 
2100 

  

τ5 (ns)     14130 
± 170 

16500 
± 430 

12500 
± 430 

12830 
± 250 

9670 ± 
740 

7150 ± 
10 

21560 ± 
4500 

 

The peaks at 363, 441, and 490 nm are thought to be from Pt-
bisacetylide benzenedithiophene ππ* transitions as seen in 
RWPt-3.16 Again, the TA single wavelength and global fitting 
kinetics are found in the SI (Supplemental section S6), and the 
global fitting results are displayed in Table 1. 

 
Figure 3 A) Absorbance Spectra for RWPt-2. B) TA spectra collected at 
0.38 ps (black), 0.5 ps (red), 1 ps (blue) and 2.5 ps (pink) time delays. 
C) TA spectra collected at 2.5 ps (black), 5 ps (red), 25 ps (blue), 150 ps 
(pink) and, 250 ps (brown). D) TA spectra collected at 250 ps (black), 
500 ps (red), 750 ps (blue), 1 ns (pink) and 7.2ns (brown). E) TA spec-
tra collected at 30 ns (black), 5 μs (red), 15 μs (blue), 25 μs (orange) 
and, 55 μs (green).  

The early time pump probe transients (Figure 3B; 0.4 to 2.5 ps 
time delay) of RWPt-2 feature an initial ground state bleach 
from 350 to 600 nm that grows in intensity over this time in-
terval (575 to 594 nm are omitted due to the presence of the 
laser line), and the emergence of an excited state absorption 
from 600 to 750 nm. The intermediate transients (Figure 3C; 
2.5 to 250 ps time delay) show little change in the bleach re-
gion, but the excited state absorption from 515 to 750 nm in-
creases in intensity and broadens to the red. In the late transi-
ents (Figure 3D; 250 to 7200 ps), the bleach decreases signifi-
cantly in intensity, while the excited state absorption shows very 

little (ΔOD< 0.0005) change over this time regime. The nano-
second flash photolysis transient spectra (Figure 3E) display 
clear evidence of relaxation to the ground state complex. A 
single isosbestic point is observed at 598 nm.  

The early time pump probe transients (Figure 3B; 0.4 to 2.5 ps 
time delay) of RWPt-2 feature an initial ground state bleach 
from 350 to 600 nm that grows in intensity over this time in-
terval (575 to 594 nm are omitted due to the presence of the 
laser line), and the emergence of an excited state absorption 
from 600 to 750 nm. The intermediate transients (Figure 3C; 
2.5 to 250 ps time delay) show little change in the bleach re-
gion, but the excited state absorption from 515 to 750 nm in-
creases in intensity and broadens to the red. In the late transi-
ents (Figure 3D; 250 to 7200 ps), the bleach decreases signifi-
cantly in intensity, while the excited state absorption shows very 
little (ΔOD< 0.0005) change over this time regime. The nano-
second flash photolysis transient spectra (Figure 3E) display 
clear evidence of relaxation to the ground state complex. A 
single isosbestic point is observed at 598 nm.  

The analysis and assignment of the TA kinetics for RWPt-2 are 
more complex than for the RWPt-1 and RWPt-3 complex, as 
RWPt-2 exhibits components from RWPt-1 and RWPt-3. 
Throughout the entire time range, time constants of 0.3 ± 0.18 
ps, 9 ± 4 ps, 560 ± 60 ps, 6080 ± 440 ns and 14130 ± 170 ns 
were retrieved from kinetic analysis. The first time component 
(1) is assigned to vibrational cooling of the initially formed 
singlet excited state. The second time component (2) in RWPt-
2 is assigned to the formation of the thermally relaxed Sn state 
similar to the RWPt-1 complex. The assignment of 3 in the 
RWPt-2 complex is to the formation of two orthogonal triplet 
excited states. For RWPt-2, two states need to be formed in 
order to understand the nanosecond flash photolysis data (see 
Quenching below). Interestingly, the observed time constant in 
RWPt-2 is in between that of RWPt-3 and RWPt-1, indicating 
that the two orthogonal excited state most likely resemble inde-
pendent RWPt-3 and RWPt-1 moieties. As stated above we 
have previously assigned 4 and 5 as the electron hole recombi-
nation for the two orthogonal triplet excited states. The obser-
vation of two independent non-interacting triplet states is not 
common in organometallic polymers or small molecules, 
though it may help explain why bulk heterojunction devices 
made with RWPt-2 performed better that RWPt-3 and RWPt-
1. As we will demonstrate bellow, these independent triplet 
states are not isoenergetic as quenching differences are observed 
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with different fullerene acceptors. It is these differences that 
prompt the assignment of two independent triplet states. 

Triplet Quenching with Fullerenes and 3O2. In order to devel-
op better photovoltaic or light emitting materials it is important 
to know the relative energy of the lowest lying triplet state in 
RWPt compounds. Phosphorescence has only been observed 
for RWPt-3 to yield a direct measurement of the triplet energy 
of 1.76 eV. We have previously approximated the triplet ener-
gies in the RWPt-1 and RWPt-2 compounds by utilizing a 
combination of electrochemistry and TDDFT.25 These experi-
ments have enabled us to make predictions on the energy of 
quenchers required to quench each of the triplet states. The 
predictions are as follows: PCBM is predicted to only quench 
the singlet state of RWPt-1 and RWPt-2. C60 is predicted to 
quench the singlet state of RWPt 1 and RWPt-2 as well as the 
two triplets of RWPt-2, but not the triplet of RWPt-1. C60 
SDS is predicted to quench all of the excited state singlets and 
triplets in the RWPt complexes. 

An experimental method of testing our predictions of the tri-
plet state energies is by using quenchers as an upper and lower 
bracket for calculating the triplet energy. By this lifetime 
quenching method, we observe a partial breakdown of the CV 
and TDDFT approximations. The primary reason for the 
breakdown in our prediction originates from CV, which can 
only accurately predict energy levels upon an observation of a 
fully reversible couple. It is well known that irreversible reac-
tions shift observed potential onsets and peak potentials in the 
CV experiment. The oxidation and reduction couples for 
RWPt compounds as well as other doped OPVs are often irre-
versible.  

Shown in Figure 4 is the quenching of the two RWPt-2 triplet 
states using our series of fullerenes. All normalized single wave-
length kinetic traces were taken at 700 nm with the pure 
RWPt-2 trace plotted first followed by addition of each fuller-
ene.  

 

Figure 4 A) Single wavelength kinetics of RWPt-2 (black), RWPt-2 with 
1 eq of PCBM (red), and with 5 eq of PCBM (blue). B) Single wave-
length kinetics of RWPt-2 (black), RWPt-2 with 1 eq of C60 (red), 
RWPt-2 with 5 eq of C60 (blue) and, RWPt-2 with 10 eq of C60 
(green). C) Single wavelength kinetics of RWPt-2 (black), RWPt-2 with 
1 eq of C60 SDS (red), RWPt-2 with 5 eq of C60 SDS (blue) and, 
RWPt-2 with 10 eq of C60 SDS (green). 

As expected, no quenching of the triplet state are observed up-
on addition of PCBM to RWPt-2 as shown in Figure 4a. As 
predicted, the C60SDS fullerene quenches both triplet states in 
RWPt-2 (Figure 4c). A Stern-Volmer (SV) analysis was applied 
to RWPt-2 with C60 SDS fullerene. For SV analysis, low 
quencher concentrations are utilized to avoid quencher aggrega-
tion in chlorobenzene. Equation 2 is the formulation of the SV 
analysis where 0 is the unquenched donor lifetime,  is the 
donor lifetime with a quencher and, Q is the quencher concen-
tration.  

  

 
   (    )    

Equation 2. 

Figure 5 is the Stern-Volmer plot for the RWPt-2 donor with 
the C60 SDS fullerene. From the SV analysis, we see that the 
quenching has linear dependence with a quenching rate con-
stant (kq) of 3.7 x 109 M-1 s-1.  

 
Figure 5 Stern-Volmer plot for RWPt-2 C60SDS solutions. The data 
points are taken from τ5 time component of the global fitting analysis. 
Error bars have been omitted. Lines connecting the data points have 
been added to help visualize the linear trend.  

The breakdown of the CV approximations begins with the C60 
where we observe quenching of only one of the two triplet 
states (Figure 4b). That only one of the lifetimes experiences 
quenching supports our earlier assignment of two independent 
triplet states. Global fitting of the flash photolysis kinetics yields 
a change in τ4 from 6080 ± 440 μs to 3140 ± 20 μs at 10 eq 
without exhibiting a large change in μ5 from 14130 ± 170 μs to 
12800 ± 250 μs. One possible explanation for the lack of τ5 
quenching by C60 could be ascribed to a low driving potential 
between this triplet excited state and the C60 LUMO energy. 
The same SV analysis was performed for the quenching of the 
RWPt-2 donor τ4 with the C60 fullerene to yield a kq of 1.6 x 
109 M-1 s-1. It should be mentioned that our kq values are similar 
to those reported for the “dumbbell” type platinum-acetylide 
system(s) quenched with fullerenes.22 
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Figure 6 A) Single wavelength kinetics of RWPt-1 (black), RWPt-1 with 
1 eq of PCBM (red) and, RWPt-1 with 5 eq of PCBM (blue). B) Single 
wavelength kinetics of RWPt-1 (black) and RWPt-1 with 5 eq of C60 
(red) C) Single wavelength kinetics of RWPt-1 (black), RWPt-1 with 1 
eq of C60 SDS (red) and, RWPt-1 with 5 eq of C60 SDS (blue). 

The breakdown in the reduction potential estimates continues 
with the quenching of RWPt-1 complex. Shown in Figure 6 is 
the quenching of the triplet state of RWPt-1 using the series of 
fullerenes. All normalized single wavelength kinetic traces were 
taken at 780 nm with RWPt-1 in the absence of quencher trace 
plotted first followed by addition of each fullerene. As predict-
ed by the CV and TDDFT, PCBM and C60 do not quench the 
triplet state in RWPt-1. An unexpected result is that C60 SDS 
does not exhibit any quenching of the RWPt-1 triplet state. 
While the exact reason for the lack of observed quenching with 
C60 SDS fullerene is not known, one explanation is that the 
real energy of the RWPt-1 triplet state may be at least 100 mV 
less positive than the electrochemistry and computational pre-
dictions.  

The final quencher utilized to better understand the energy of 
the triplet state is triplet oxygen. The singlet triplet gap in oxy-
gen is at ~1 eV and thus should quench all of the triplet excited 
states of the RWPt compounds. Nanosecond flash photolysis 
and near-infrared emission experiments were collected on aer-
ated RWPt solutions to measure singlet oxygen quenching. 
Shown in Figure 7 are global fitting kinetics for the triplet ab-
sorption of the aerated RWPt complexes.  

 
Figure 7 Global fitting kinetics of aerated RWPt complexes with RWPt-
1 (black), RWPt-2 (green), and RWPt-3 (blue). Monoexponential fitting 
of the lifetimes are in red.  

In Figure 7 we observe that the triplet lifetime of the three 
RWPt complexes is drastically shortened by the presence of 
oxygen. The decrease in lifetime is directly correlated to the 
appearance of 1O2 emission in NIR emission experiments (Fig-
ure S 19). With the aerated solution lifetimes, the quenching 
rate was found to be 1.8 x 1010 M-1 s-1, 1.9 x 1010 M-1 s-1, and 3.2 x 
1010 M-1 s-1 for RWPt-1, RWPt-2, and RWPt-3, respectively. 
From the 1O2 emission intensities, the 1O2 quantum yields were 
calculated by equation 3. 

    
 

 
   

    

    
   

      

  
         

Equation 3. 

Where I is the integrated emission, A is the absorbance, τΔ is the 
1O2 lifetime which is solvent dependent and ϕΔ is the 1O2 quan-
tum yield. The calculated ФΔ are 0.30, 0.65, 1.49 for RWPt-1, 
RWPt-2, and RWPt-3, respectively. This decrease in excited 
state lifetime as well as 1O2 emission suggests that the lowest 
triplet energy of the RWPt compounds is higher than 1 eV. We 
are surprised by ФΔ = 1.49 for RWPt-3, especially given the di-
lute solutions employed in these studies (see SI). A ФΔ > 1 is 
suggestive of a singlet fission mechanism in these materials. 
Calculations by Michl and coworkers have identified the slip 
stack semi-crystalline and crystalline morphology may be the 
preferred orbital geometry for singlet fission in organic materi-
als.28 As slip stack packing is observed in crystals of RWPt-1 and 
two orthogonal triplets are observed in of RWPt-2, we do not 
rule out single fission type mechanisms though we will leave 
this discussion for future work.  

From the sum of quenching experiments, it is now possible to 
experimentally comment on the triplet energies (relative to 
vacuum) in RWPt compounds. We estimate the triplet state 
energy of RWPt-3 to be at -3.64 eV (relative to vacuum), direct-
ly from the emission spectra. The two triplet state energies in 
RWPt-2 are between -3.77 and -3.86 for one triplet as well as -
3.86 and -3.94 eV for the other triplet. The triplet state in 
RWPt-1 is between -3.94 and -3.8 eV. These data are consistent 
with previous TD-DFT predictions that the S0 to T1 energy gap 
in RWPT-1 and RWPT-2 are 1.06 eV and 1.12 eV, respective-
ly. 

CONCLUSION  
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In conclusion, this study yields important insights of the struc-
ture function relationship for the formation of the triplet excit-
ed state as well as excited state energy of the lowest energy excit-
ed triplet states to be captured in a device application. We have 
also demonstrated capture as well as the need for the in-depth 
photophysical studies of organic donor-acceptor architectures as 
a partial breakdown of electrochemical and computational ap-
proximations commonly employed to select acceptors is ob-
served. We note that for further work, the triplet energy of the 
RWPt compound will need to be raised in order to have at least 
100 mV of driving force to the acceptor or a non-fullerene ac-
ceptor will need to be utilized with a LUMO energy < 3.7 eV 
(verses vacuum). In addition to excited state dynamics and tri-
plet energies, an interesting discovery is made in relation to 
possible singlet fission in RWPt compounds. RWPt-2 and pos-
sibly RWPt-3 are thought to make multiple orthogonal triplet 
states as demonstrated by separate triplet quenching or greater 
that 100% singlet oxygen yield. While these molecules are ca-
pable of making a bulk heterojunction solar cell with a fullerene 
acceptor with 6% efficiency, it may be better to focus on a dif-
ferent solar cell design by mixing the RWPt compounds over a 
low band gap semiconductor in order to take advantage of the 
singlets and triplets generate by these molecules.  
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